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COATING SURROUKDING A PIEZOELECTRIC 
SOLID STATE KOTOR STACK 



5 BACKGROUND OP THE INVENTION 

!• Field of the Invention 

The field of the invention relates generally to 
10 an encapsulation structure for solid state motor 
actuators, and more particularly to a process for 
encapsulating piezoelectric solid state motor stacks. 

2. Related Art 

15 

For decades electroexpansive materials have been 
employed in stacked structures for producing actuation 
used for fuel injection and valve control in diesel 
engines, for example. Commercially manufactured solid 

20 state motor stacks, or actuators, are produced using 
piezoelectric disks interleaved with metal foil 
electrodes. Application of high voltage, low current 
power to alternately biased electrodes causes each of 
the piezoelectric disks to expand or axially distort. 

25 The additive deflection of the stacked disks is 

typically amplified by hydraulics to effectuate useful 
actuation. 

An example of a conventional electromechanical 
actuator having an active element of electroexpansive 

3 0 material is found in United States Patent No. 

3,501/099 to Glendon Benson. Benson's 1970 patent 
is directed to both an actuation cimplif ication 
structure and a method for manufacturing piezoelectric 
stacks. Sheets of ceramic material are rolled, 

3 5 compacted and punched into ceramic disks. After a 
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cleaning process, -the disks are stacked with, alternate 
sets of continuous disk electrodes disposed between 
the ceramic disks. The stacks undergo a pressurized 
cold-welding process, followed by an elevated 
5 temperature and pressure bonding process after common 
electrodes are connected to the two electrode groups. 
The stacks are poled by application of a DC voltage 
and then encapsulated with a plastic insulative cover 
prior to final mounting within a transducer housing. 

10 Another conventional method uses epoxy to bond 

lead zirconium titanate (PZT) ceramic discs together, 
interleaved with metal foil electrodes. The epoxy 
used in this process has a lower modulus of elasticity 
than the ceramic and acts as a compliant layer in the 

15 bonded stack structxire, thus reducing the additive 
displacement during actuation. 

A modified technique for preparing piezoelectric 
disks includes a two-stage press/lap manufacturing 
process* After punching or individually compressing 

20 the disks, the thickness of each disk is reduced by 
lapping. Piezoelectric disk thicknesses are limited 
to approximately ^254 mm by this process and require 
high voltage to generate lattice distortion. Higher 
driving voltages necessitate larger, more expensive 

25 power generation circuits. In turn, the delivery of 

the higher voltage to the stack imposes wiring harness 
and connector design difficulties. Moreover, the 
larger power circuits generate additional heat which 
must be removed from the engine. These tradeoffs 

30 plague stack design and drive up the cost of systems 
using stacks to actuate valves or injection controls, 
for example. 

Moreover, the ability to mass produce stacks is 
limited by the time and cost of manufactxuring the 
35 disks themselves. Conventional punching or 
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compressing combined with lapping/polishing results in 
low disk yield due to the time elements of the two 
step process and disk breakage during the lapping 
step* 

5 Various environmental design considerations are 

important in piezoelectric stack manufacturing. Device 
operating temperature ranges and external mechanical 
stresses are the most serious of these factors. 

Conventional stacks are limited to a maximxim 

10 operating temperature of about 75** Celsius, measured 
at the outside of the stack housing. Heat generated 
by the stack itself is compounded by the extreme heat 
generated by the engine upon which the housed stack is 
typically mounted • Stack temperatures can reach 

15 upward of 40*'"50*C above the measured engine 
temperature • 

On the other hand, structural defects typically 
lead to conventional stack failure due to shear and 
torsional stresses applied to the stack during 

2 0 operation and/ or installation. Structural stack 

failure is most commonly attributed to fatigue 
cracking of the ceramic disks. Separation between 
disks /electrodes is also a frequent problem. 
Piezoelectric stack insulation has been 
25 introduced between the disk/electrode stack and the 
housing in an attempt to minimize some of the above 
mentioned problems. 

United States Patent No. 4,011,474 to Cormac G. 
O'Neill discloses several methods for improving stack 

3 0 insulation to avoid operation breakdowns. Arc-over is 

allegedly avoided by maintaining contact between the 
piezoelectric stack and the insulating material, in a 
first embodiment, O'Neill teaches introducing a 
pressurized insulating fluid such as oil, into the 
3 5 housing of a piezoelectric stack. The fluid is 
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pressurized so as to maintain contact between the 
fluid and the stack during radial shrinkage, or axial 
expansion^ upon the application of an applied voltage. 
In a second embodiment, O'Neill applies a solid 
5 polyurethane coating to the stack. The coating is 
kept in contact with the stack by a pressurized 
insulating fluid to prevent separation during 
operation and eurc-over associated therewith. 

A third O'Neill embodiment maintains contact 

10 between the stack and a solid insulating coating by 
winding a filament or tape around the coated stack. 
The tape is wound around the coating to preload the 
coating to prevent separation of the coating from the 
stack. The winding of the tape is spaced to allow for 

15 expansion of the polyurethane coating during operation 
of the stack. 

The present invention constitutes an improvement 
over conventional encapsulation technology. Benefits, 
such as increased stack operational temperature range, 

2 0 endurance, output, and lifetime, are achieved by the 
present invention. 



SUMMARY OF THE INVENTION 

25 

The present invention is directed to an 
encapsulated piezoelectric solid state motor stack 
having a plurality of piezoelectric disks interleaved 
with a plurality of electrodes. A first elastomer is 

3 0 used for encapsulating the stack to prevent arc-over. 
A second elastomer is used for encasing the 
combination of the encapsulating elastomer and the 
stack. An elastomer grease is sandwiched between the 
encapsulating elastomer and the encasing elastomer for 

3 5 reducing friction between the combination and the 
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encasing elastomer. The friction is induced by an 
axial displacement produced between first and second 
end surfaces of the stack when the electrodes are 
biased by a source of electrical potential. 
5 The structure also includes a protective housing 

and a diaphragm. The housing cylindrically encases 
the combination of the stack, the encapsulating 
elastomer, the elastomer grease and the encasing 
elastomer. The housing also encases one end of the 
10 combination. The diaphragm is attached to the housing 
for encasing the other end of the combination. 

The present invention is also directed to a 
method for encapsulating a piezoelectric solid state 
motor stack having a plurality of disks interleaved 
15 with electrodes. The method includes the step of 
encapsulating the stack with a first material, 
followed by encasing the combination of the first 
material and the stack within a protective housing, 
and then sandwiching a lubricant between the 
20 combination and the protective housing for reducing 
friction between the combination and the protective 
housing. 

25 BRIEF DESCRIPTION OP THE DRAWIKGS 

The invention will be better understood if 
reference is made to the accompanying drawings in 
which : 

30 PIG, 1 shows a side- sectional view of a housed, 

encapsulated piezoelectric solid state motor stack in 
connection with the present invention; 

FIG# 2 shows a top-sectional view of the housed 
piezoelectric stack of Figure l taken through line 

35 A-A; 
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FIG. 3 is a flow chart of the basic steps in a 
method for encapsulating a piezoelectric stack in 
connection with the present invention; 

FIG. 4 is a flow chart of the basic steps in a 
method for pre-encapsulation preparation of a 
piezoelectric stack in connection with the present 
invention ; 

FIG. 5 is a flow chart of the basic steps in a 
method for preparation of a desiccator for use in the 
encapsulation of a piezoelectric stack in connection 
with the present invention; 

FIG. 6 is a flow chart of the basic steps in a 
method for applying an elastomer in the encapsulation 
of a piezoelectric stack in connection with the 
15 present invention; and 

FIG. 7 is a flow chart of the basic steps in a 
method for the final housing assembly of a 
piezoelectric stack in connection with the present 
invention. 



10 



20 



25 



30 



35 



DETAILED DESCRIPTIOK OF THE PREFERRED laiBODIMBllTS 

Broadly, the present method for encapsulating 
piezoelectric stacks is designed for an automated 
manufacturing process to yield high-quality, high- 
durability solid state motor stacks in great volume. 
The piezoelectric encapsulation steps of the present 
process have refined the technology by employing 
careful cleaning and inspection operations which 
result in stacks that can displace 0.13% in fast 
response times of loo microseconds, and produce 
driving forces greater than 35 MPa. Unlike 
conventional piezoelectric solid state motor stacks, 
which have relatively limited temperature ranges, 
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stacks encapsulated according to the present invention 
have an extended operational temperature range between 
about -40OC and +100 "C (measured externally; plus an 
additional 40« to 50 measxired internally) . 
5 Encapsulated piezoelectric solid state motor 

stacks of the present invention are high-force devices 
that can be used to improve engine performance, reduce 
emissions, and reduce engine noise. The utility of 
the present invention is not, however, limited to 
10 encapsulating stacks for engine valve and fuel 
injector actuation. Encapsulated stacks of the 
present invention may be used in brake or shock 
absorbing systems, for example. Moreover, the 
invention may be used to encapsulate a wide variety of 
15 devices or systems which operate in high temperature, 
or otherwise extreme environments. 

It should be understood that the present 
invention is directed to a piezoelectric solid state 
motor stack encapsulation structure and the method of 
20 encapsulating the stack structure. However, the terms 
solid state motor stack and electroexpansive actuator, 
for example, are synonymous. Throughout this 
discussion, the piezoelectric solid state motor stacks 
will be commonly referred to as "stacks." 

FIG. 1 shows an encapsulated solid state motor 
stack, 100, in connection with the present invention. 
An electrode/ ceramic disk stack 102 is centered in a 
housing 104. The steel case, or housing 104, is 
cylindrical in shape with a hollow cylindrical cavity 
for housing the solid state stack. Throughports X06 
are bored in the top end of the housing to permit bus 
lead wires 108 to exit the housing. Threads lio 
attach the piezoelectric solid state motor housing to 
an engine head. Plateau li2 represents a hexagonal 
35 cross section, if viewed from the top of FIG. 1. This 
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30 
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hexagonal structure is not shown in the figure, but is 
used for tightening and loosening the piezoelectric 
solid state motor housing on the engine head. 
The preferred embodiment of the assembled 
5 piezoelectric solid state electrode/disk stack X02 is 
described in the concurrently filed, commonly assigned 
co-pending application Serial No. (Attorney Docket No 
1246.0100000/90.220), titled -Piezoelectric Solid 
State Motor stack", the entire disclosure of which is 
10 incorporated herein by reference. 

FIG, 2 is a cross-sectional view taken through 
ixne A-A of the piezoelectric solid state motor stack 
and housing of fig. i. The details of FIG. 2 will be 
covered during the following discussion of the 
15 encapsulation process. 

A generalized stack encapsulation process 300 is 
shown in FIG. 3. AS shown at block 302, the stack 
undergoes a cleaning process, m one embodiment, 
excess gloss and contaminants are removed from the 
20 exterior of the assembled stack and bus bar structure 
by a conventional grit blasting technique. The stack 
xs ultrasonically cleaned in a methanol bath. The 
cleaned stack is then heat dried at block 304. 
Block 306 represents a series of pre- 
25 encapsulation steps. This pre-encapsulation process 
400 IS Shown in more detail at FIG. 4. The bus wires 
are electrically shorted at block 402 to prevent 
electrostatic charging of the stack, because of its 
30 IT^T "^^"'^'^^^^ Characteristics. The stack is 
then placed in a conventional vacuum desiccator 
fixture to remove volatile contaminants, as shown at 
block 404. The stack is then cooled before applying a 
primer, as indicated at 406, and in accordance with 
primer manufacturer instructions. 



35 
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A coating of primer is applied to the exterior of 
the stack and bus bar structure at block 4 08 in 
preparation for the silicone coating process. Dow 
Corning SilGuard Primer No. 1200 or an equivalent may 
be used. The primer is cured (at block 410) in 
accordance with conventional curing techniques, 
according to manufacturer specifications. 

The details of the desiccator preparation step of 
block 308 in FIG. 3 are shown at process 500 of FIG. 
5. The stack is aligned in a modified alignment 
fixture at block 502 such that a small axial 
compressive load can be applied to the stack as shown 
at block 504. The alignment fixture should comprise a 
cylindrical case including a bottom/end section and a 
load screw for applying an axial compression to the 
stack. The bottom has two openings to permit the bus 
leads to pass therethrough. In addition, the inner 
diameter of the alignment fixture case should be 
slightly larger than the outside diameter of the stack 
in order to permit proper encapsulation. Stoppers 
must then be inserted in the holes at the base of the 
alignment fixture to seal around the bus bar leads. 
The composition of the alignment fixture case and port 
stoppers is not crucial to the invention. However, 
their composition must not be such that contamination 
of the stack or chemical reactions occur therewith. 

The prepared alignment fixture is then positioned 
in the vacuum desiccator as shown at block 508. The 
axial load is released and the desiccator is then 
sealed as shown at blocks 510 and 512, respectively. 
A vacuum is then created in the desiccator as shown at 
block 514, to draw out a sufficient volume of air so 
that the elastomer will fill the voids in the stack 
when the vacuum is released. 



35 
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The application of an elastomer, shown in block 
310 in FIG. 3 will be described in further detail with 
reference to process 600 in FIG. 6. A silicone 
elastomer, Dow Corning SilGuard 184, for example, is 
5 mixed as per the manufacturer's suggested directions. 
This preparation is shown at block 602. The silicone 
elastomer mix is then injected into the desiccator 
through a glass tube and then into the spaces between 
the stack and the inside wall of the alignment fixture 
10 case as shown at 606. The vacuum desiccator is then 
gradually pressurized, and an axial load of at least 
about 1500 psi is applied to the stack by the load 
screw attached to the assembly fixture case as shown 
at blocks 608 and 610, respectively. 

As shown at blocks 612 and 614, respectively, the 
excess silicone elastomer is drained from the 
alignment fixture and the stoppers removed. The 
silicone elastomer encapsulant is then cured in an 
oven, as shown at block 616. 

In the presently preferred embodiment, curing is 
accomplished at about 65-C for approximately' 4 hours. 
The present inventors have found that curing time is 
inversely proportional to the curing temperature and 
that the maximum cure temperature is approximately 
25 loo'C. More significantly, the inventors have found 
that cure temperatxire at this stage directly affects 
the minimum operating temperature of the motor stack. 
They have found that the lower the cure temperature, 
the lower the minimum operating temperature that they 
30 can achieve. 

The fixture is then allowed to cool as shown at 
block 618 and the elastomer thickness measured as 
shown at 620. A determination is made, see block 622, 
whether the desired thickness of the silicone 
35 elastomer encapsulant has been reached. This 



20 
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determination is based on whether the bus bar and tab 
structures are sufficiently covered so as to prevent 
arc-over. If the desired thickness is not reached as 
indicated at 624, the stack is then dipped in 
5 elastomer as shown at block 628. Steps 616, 618, 62 0, 
622 and 628 are repeated iintil the desired thickness 
is reached as shown at 632. The stack is then removed 
from the fixture as shown at block 634* 

The two end coatings of silicone elastomer 

10 encapsulant are trimmed, as shown at 636. Once 

trimmed, the layer of silicone elastomer, shown at 22 0 
of FIG. 2, coats the cylindrical surface of the 
assembled stack 202, as well as the bus bar and 
electrode tab structure. Trimming exposes the end 

15 surfaces of the assembled stack to permit direct 

transfer of translational motion from the stack to a 
diaphragrm member during actuation. Otherwise, the 
untrimmed end coating of elastomer would act as a 
compliant layer. 

2 0 The sequence at 700 of FIG. 7 represents the 

final assembly of the stack in the housing. Poling of 
the stack, as shown at block 702, is done once the 
stack is assembled, in accordance with guidelines 
provided by the ceramic manufacturer. In the 
25 presently preferred embodiment, poling is done at an 
elevated temperature, for example 145 *»C. The poling 
voltage signal is applied to the stack in three 
stages. During the first stage a 0-volt to 1200-volt 
charge is applied linearly. This voltage is held 

3 0 constant during the second stage. Finally, at the 

third stage the voltage is linearly reduced to 0-volts 
during a five-minute period. The stack is then cooled 
to room temperature. The poling technique is 
conventional and is a function of the ceramic material 
3 5 used . 
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Ref erring again to FIG. 2, a thin coat of Dow 
Coming silicone vacuum grease 222 is applied to the 
surface of the silicone elastomer encapsulant 220 
Enough grease should be applied to prevent adhesion of 
5 the silicone encapsulant 220 to potting material 224 
The application of the grease to the stack is shown at 
block 704. 

AS depicted by 706, the bus wires are soldered to 
the bus bars and a layer of shrink-wrap tubing is 
10 applied as an insulator. 

The coated, asseinbled stack is then inserted into 
housing 104 and centered. Once in position, a potting 
material is injected into the cavity between the stack 
and the housing (a thickness of approximately 4-5 mm) . 
15 see block 710. In addition, the potting material's 

thermoconductive characteristics should be sufficient 
to conduct heat generated by the stack to the inside 
of the housing wall. Emerson Cummings Eccosil Model 
5954 is preferred for the potting material, because it 
20 includes aluminum oxide for enhanced thermal 

conductivity. The potting material is cured according 
to conventional techniques, as shown at block 712 

in FIG. 2, the potting material is shown at 
numeral 224, sandwiched between the grease 222 and the 
inner cylindrical surface of housing 204. Again, the 
silicone elastomer encapsulant is shown at 220. 
Silicone grease coating is shown at 222. Finally 
silicone potting material is shown at 224. 

AS shown in block diagram 714, surface 114 of 
30 housing 104 and the exposed surface of ceramic end cap 
116 must be Simultaneously ground to facilitate proper 
alignment of steel diaphragm 118 to the end of the 
stack housing assembly. The diaphragm lis may then be 

35 ar7ir'''"^ °^ "^^^^^-^ 
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The diaphragm is preferably made of stainless 
steel and has a thickness of about 0.25ia2a. The steel 
diaphragm functions to protect the stack from external 
contaminates. In addition, the diaphragm prevents the 
5 electrode/disk stack from rotating within the housing. 
Typically, a piston or spring is abutted against 
the bottom of the stack when the housed stack is 
installed on an engine head, for example. During 
installation, the housed stack is screwed onto the 
10 engine head and the diaphragm transfers stresses to 
the housing. If no diaphragm were present, the 
friction between the ceramic end-cap of the stack and 
the piston would cause the stack to rotate. Rotation 
of the stack would in turn cause disks to shear, and 
15 separate, and the silicone encapsulant would rupture. 
Such structural defects would detrimentally affect 
stack operation. 

While various embodiments of the present 
invention have been described above, it should be 
20 understood that they have been presented by way of 
example, and not limitation. Thus the breadth and 
scope of the present invention should not be limited 
by any of the above-described exemplary embodiments, 
but should be defined only in accordance with the 
15 following claims and their equivalents. 
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1. An encapsulated piezoelectric solid state 
motor stack (100,200) having a plurality of disks 
interleaved with electrodes (102), comprising: 

first means (220) for encapsulating the 

stack; 

second means (224,204) for encasing the 
combination of said first means and the stack; and 

third means (222) sandwiched between said 
first and second means for reducing friction between 
said combination and said second means induced by an 
axial displacement produced between first and second 
end surfaces of the stack when the electrodes are 
15 biased by a source of electrical potential. 

2. An encapsulated piezoelectric solid state 
motor stack (200) according to claim 1, wherein said 
first means (220) comprises an elastomer, 

20 

3. An encapsulated piezoelectric solid state 
motor stack (200) according to claim 2, wherein said 
first elastomer comprises silicone. 

4. An encapsulated piezoelectric solid state 
motor stack (200) according to claim 1, wherein said 
second means comprises: 

an elastomer (224) surrounding said 
combination and said third means; and 

^ protective housing (104,204) including a 
diaphragm (118), wherein said housing cylindrically 
encases said combination and said third means and one 
end thereof, said diaphragm being attached to said 
housing for encasing the other end of said 
3 5 combination- 
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5. An encapsulated piezoelectric solid state 
motor stack (200) according to claim 4, wherein said 
elastomer comprises silicone and aliminum oxide to 
enhance the thermal conductivity of said silicone. 

6. An encapsulated piezoelectric solid state 
motor stack (200) according to claim 1, wherein said 
third means (222) comprises a grease. 



10 ?• An encapsulated piezoelectric solid state 

motor stack (200) according to claim 6, wherein said 
grease comprises silicone. 



8. An encapsulated piezoelectric solid state 
15 motor stack according to claim 2, wherein said second 
means comprises: 

a metal housing (204); and 

a second elastomer (224) comprising silicone 
and aluminum oxide to enhance the thermal conductivity 
20 of said silicone. 



9. A method for encapsulating a piezoelectric 
solid state motor stack (100,200) having a plurality 
of disks interleaved with electrodes (102) , comprising 
25 the steps of: 

encapsulating the stack with a first 
material (220) ; 

encasing the combination of said first 
material and the stack within a protective housing 
30 (204) ; and 

sandwiching a lubricant (222) between said 
combination and said protective housing for reducing 
friction between said combination and said protective 
housing, wherein said friction is caused by biasing 
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the stack to produce an axial displacement between 
first and second end surfaces of the stack. 

10. A method for encapsulating a piezoelectric 
5 solid state motor stack (100,200) according to the 
method of claim 9, wherein said encapsulating step 
further comprises the steps of: 

grit blasting the stack to remove debris; 
cleaning the stack to remove unwanted 
10 contaminants; 

applying said first material (220) to the 

stack; and 

curing said first material. 

11. A method for encapsulating a piezoelectric 
solid state motor stack (100,200) according to the 
method of claim lo, wherein said application step 
further comprises the steps of: 

applying a primer to the stack; 
curing said primer; and 

applying an elastomer (220) to said primed 

stack. 

12. A method for encapsulating a piezoelectric 
solid state motor stack (100,200) according to the 
method of claim 9, wherein said sandwiching step 
further comprises the steps of: 

coating said lubricant (222) on said 
combination; 

aligning said coated combination in said 
protective housing (204); 

introducing a potting material (224) between 
said coated combination and said protective housina- 
and ^' 

curing said potting material. 
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